Abstract. Proton fluxes were measured non-invasively on patch-clamped protoplasts isolated from wheat roots using an external H + electrode to measure the electrochemical gradient in the external solution. Under voltage clamp in the whole-cell configuration, the H + fluxes across the plasma membrane could be measured as a function of voltage and time and correlated with the simultaneous measurements of membrane current. Protoplasts could exist in three states based on the current-voltage (I-V) curves and the flux-V curves. In the pump-state where the membrane voltage (Vm) was more negative than the electrochemical equilibrium potential for potassium (E K ), a net efflux of H + occurred that was voltage-dependent such that the efflux increased as Vm was clamped more positive. In the K-state, where Vm was close to E K , similar flux-V curves were observed. In the depolarised state where Vm was greater than E K the proton flux was characterised by a net influx of H + (H + -influx state) that reversed direction at more positive values of Vm. The inhibitory effect of DCCD and stimulatory effect of fusicoccin were used to correlate current and H + flux through the H + -ATPase for which there was reasonably good agreement within the limits of the flux measurements. Some protoplasts were kept in the whole-cell configuration for up to 3 h revealing slow sustained oscillations (period about 40 min) in H + flux that were in phase with oscillations in free-running Vm. These oscillations were also observed under voltage clamp, with membrane current in phase with H + flux, but which became damped out after a few cycles. The oscillations encompassed the pump-state, K + -state and H + -influx-state. The H +-flux-V curves and I-V curves were used to model the electrical characteristics of the plasma membrane with H + -ATPase, inward and outward K + rectifiers, a linear conductance, and a passive H + influx possibly through gated proton channels.
Introduction
In patch-clamp experiments using the whole cell or whole vacuole configuration, the determination of the species of ion that carries the net current across the membrane being voltage-clamped can be problematical. Normally the activity of a test ion is altered in the bath or more rarely in the pipette and the change in current is measured. The reversal potential of the I-V curve is compared at different ion gradients to determine the ions that are permeating the membrane, either through channels or transporters. This can be difficult if the current under investigation is short lived due to the phenomena of washout or is changing in time due to other factors not controlled by the experiment. With the giant celled algae such as Chara, it is possible to measure isotopic fluxes simultaneously with voltage-clamp experiments, and from these measurements to deduce stoichiometries of symport reactions (Smith and Walker 1989) . For cells of higher plants, experiments that link fluxes to membrane currents have so far involved the use of fluorescent dyes for measurement of intracellular changes in concentration while simultaneously voltage-clamping the cell (e.g. Schroeder and Hagiwara 1990; Grabov and Blatt 1998) .
Ion-selective microelectrodes can be used to measure net fluxes across the membrane of isolated cells or across the surface of tissues or whole organs (Lucas and Kochian 1986; Newman et al. 1987; Shabala et al. 1997a; Smith et al. 1999; Shabala 2000; Newman 2001) . We refer to this technique as microelectrode ion flux measurement (MIFE) (Shabala et al. 1997a; Newman 2001) . The technique involves measuring the ion electrochemical potential at two points perpendicular to the exterior membrane-tissue surface and with appropriate calculations accounting for the geometry of the system, it is possible to calculate the net flux of the ion in question from the exterior diffusion gradient (Newman 2001) . High spatial resolution (several micrometres) of the MIFE technique has made it possible to measure simultaneously net fluxes of several ions from a single fungal cell (Shabala et al. 2001) or protoplasts isolated from various plant tissues Shabala and Newman 2000) . The studies on protoplasts have revealed that ion flux profiles across the plasma membrane form a complex mosaic in space and time, sometimes exhibiting oscillatory behaviour . In the present study, we demonstrate the technical advance of combining the MIFE technique with patch-clamp on a plant protoplast, so that net fluxes can be measured simultaneously with measurements of ion currents under voltage clamp. This provides the opportunity to verify that the MIFE technique can estimate net fluxes and may allow more rapid identification of the ion species carrying charge across the membrane. In the experiments reported here on protoplasts derived from wheat roots, the net flux of protons could be correlated with the net membrane current under voltage clamp and the voltage dependency of the net flux of protons could be determined. In doing such experiments, we commonly observed oscillations in net proton flux that were independent of the membrane voltage. These oscillations often correlated with large oscillations in membrane current under voltage clamp or large oscillations in membrane voltage under current clamp. It will be relatively easy to extend the technique so that the net flux of two or three ions can be measured simultaneously Shabala et al. 2001) , while patch-clamp experiments are performed on the single cell. This will facilitate better identification of membrane currents and it should be possible to determine stoichiometries of transporter reactions.
Materials and methods

Protoplast isolation
Protoplasts were prepared from wheat roots (Triticum aestivum L. cv. Machete) as described previously (Schachtman et al. 1991; Tyerman et al. 1997) . Seeds were planted directly into either perlite or vermiculite, which was kept moist with 1/2-strength Hoagland's solution. After germination in the dark (3-4 d), plants were transferred to a growth cabinet (12 h, 20°C, light/12 h, 22°C, dark) for 5-8 d. The root tips were removed and 1.5 g of tissue was chopped and enzymatically digested for 2 h in cellulase (0.8%) plus pectolyase (0.08%), and for a further 2 h in the same solution containing extra-fresh cellulase (0.8%, pectolyase diluted to 0.04%). A sucrose density gradient was then used to collect clean protoplasts that were maintained on ice until patch-clamped.
Flux measurements
Net proton fluxes were measured non-invasively using the MIFE system (University of Tasmania, Hobart, Australia) generally as described by Newman (2001) . Borosilicate glass blanks (Clarke Electromedical, Kent, UK) were pulled using a Narishige (Tokyo, Japan) two-stage pipette puller to produce micropipettes with a final tip diameter of about 1-2 µm. Sometimes finer tips were broken under a microscope to produce the desired tip diameter. Pipettes were dried at 200°C over night and then silanised by allowing a small drop (about 30 µL) of tri-N-butylchlorosilane to vaporise at 200°C for about 10 min in the container holding the pipettes under a fume hood. The micropipette was back-filled with a solution consisting of 15 mM NaCl, 40 mM KH 2 PO 4 , pH 6 adjusted with NaOH. A proton ionophore (Hydrogen Ionophore Cocktail A; Fluka Chemical, Buchs, Switzerland) was then introduced into the tip of the electrode. The electrodes were calibrated, and mounted on the manipulator (either Narishige MX1 mechanically coupled to the stepper drive of the MIFE unit or a Narishige hydraulic drive MWS-32 hydraulically coupled to the stepper drive). During the measurements, the electrode was moved radially between two positions of about 20 and 90 µm from the protoplast surface (exact positions varied between experiments), in a 3-10-s square-wave cycle. Each movement took 0.7 s of each 5-s half cycle. This was slow enough to prevent convective currents disturbing the protoplast or disturbing the diffusion-limiting conditions. The difference in electrochemical potential between these two positions was measured, and the net H + flux was derived from these measurements assuming spherical geometry diffusion as described by Shabala et al. (1997a) . During analysis, the first two seconds of each half-cycle were discarded. As some of the bath solutions in our experiments were slightly buffered, the calculated flux values were corrected later as described by Arif et al. (1995) .
Patch-clamp measurements
Patch pipettes were pulled from borosilicate glass blanks (Clark Electrochemical), coated with Sylgard (Dow Corning, Midland, MI, USA), and fire polished to a bubble number of between 5 and 6 measured with a 10-mL syringe. The voltage was controlled and current amplified using either a Dagan 3900A, or an Axon instruments Axopatch 200B patch clamp amplifier. Whole-cell configurations of the patch clamp technique were used. Series resistance was compensated to about 50% for all amplifiers and capacitance compensation was used with the Axopatch, but not the Dagan. Current and voltage data were saved directly to computer using either a STROBES acquisition unit (Strobes Engineering, Wellington, New Zealand), with pulse commands generated by an analog pulse generator or the P-Clamp6 analysis and acquisition system. All recordings were made at 22-25°C. Electrode tip potentials nulled during the patch-clamp procedure (junction potentials), and those due to subsequent bath solution changes were corrected for and were calculated using the program JPCalc (P. H. Barry, University of New South Wales, Sydney, Australia).
Current-voltage curves (I-V curves) from whole-cell recordings were constructed from a series of voltage steps. These steps were 20-40 s in duration, so that at least two or four MIFE cycles could be completed during the pulse. In some cases, two current points were taken for I-V curve construction. These were the 'initial current', measured approximately 100 ms after the beginning of the pulse, and the 'final current', measured at the end of the pulse. Sufficient time between voltage steps was allowed so that the currents settled to the steady clamp current for the particular holding potential before a new step was initiated. The holding potential was usually set near to the current reversal potential.
Experimental procedure
Freshly isolated protoplasts were placed in a small chamber that had a volume of approximately 0.5 mL. The base of the chamber was constructed of a thin glass coverslip and a coverslip was also placed on the top of the chamber. After the protoplasts had settled, about 5 mL of 'sealing solution' was perfused through the chamber to remove protoplasts that had not stuck to the base of the chamber. After the suitable protoplast was selected for measurements, both patch and MIFE electrodes were put into the chamber from the opposite sides and positioned close to the protoplast surface. Ion-flux measurements were started first. If protoplast showed noticeable H + flux (test for viability), the patch sealing followed. All recordings were made at 23-25°C under dim microscope light. Electrode movement was monitored either via the microscope or by a video camera, and the constant distance between the electrode tip and the protoplast surface was maintained over 3-4 h of continuous measurements. Bath solution was periodically added to compensate for evaporation and the possible changes in osmotic concentrations. As the solution flow disturbed ion diffusion, these intervals were discarded later from the flux analyses.
Solutions
Intracellular solutions
The standard intracellular solution contained (mM): 10 KCl, 90 K-glutamate, 2 MgCl 2 , 2 Na 2 ATP, 10 HEPES, 2.3 CaCl 2 , 10 EGTA; and was adjusted to pH = 7.2 with 41 KOH and to osmolality of 720 mOsm kg-1 with sorbitol. If not indicated otherwise in the figure legends, this is the pipette solution used. The program Buffa (Dr R. G. Ryall, Flinders Medical Centre, SA) was used to calculate the free calcium concentration, which was approximately 50 nM for the standard intracellular solution listed above.
Extracellular solutions
All cells were initially bathed and patched in a 'sealing solution' that contained 10 mM CaCl 2 . The initial KCl concentration and buffer concentration varied between experiments and was either 100 mM KCl, 5 MES-KOH, pH 6.0, or 10 mM KCl, 0.1 MES-KOH. Subsequent to achieving a whole-cell clamp the bath was changed to a solution containing 1 mM CaCl 2 , lower KCl concentrations and weak buffering (1 mM MOPS pH 6, or 0.1 MES pH 6, 0.2 mM HEPES pH 7.0) or no buffering. All solutions contained sorbitol to bring the osmolality to approximately 700 mOsm kg-1 . Details of the actual KCl concentrations and buffering are given in the figure legends and text for the corresponding results. N,N´-dicyclohexyl carbodiimide (DCCD) was made up as a stock solution in ethanol and diluted in the experimental solutions to reach the desired concentration. The final ethanol concentration did not exceed 0.1%. Fusicoccin was made up as a concentrated stock solution and diluted in the experimental solutions to reach the desired concentration. All chemicals were obtained from the Sigma Chemical Company, St Louis, MO, USA.
Data modeling
The 'two-state' HGSS model (Hansen et al. 1981; Beilby and Walker 1996) , was employed to describe the I-V characteristics of the proton pump:
(1) where (1a) (1b) F, R, T symbols have their usual meaning, z is the pump stoichiometry, which has been set to 1. N is a scaling factor (2 ∞ 10-8 ) and V is the voltage across the plasma membrane. The number of carrier states was reduced to two with a pair of V-dependent constants, k io and k oi, with a symmetric Eyring barrier; and V-independent rate constants, κ io and κ oi.
There is also a background current, i background , with V-independent conductance, g background , and reversal voltage V background . The identity of the i background transporters is not clear at present but they might be stretch-activated channels.
The inward and outward rectifiers, i irc and i orc , are both carried by K + (Schachtman et al. 1991; Findlay et al. 1994) (eqns 4 and 5) to fit the V-dependence. The GHK equation was formulated with basic assumptions that the electrical field across the membrane is constant and that ions move through the channel independently (no ion-ion interaction and no ion-protein interaction). While the former assumption is still very difficult to test, the latter does not seem to be correct (Amtmann and Sanders 1999) . However, no general model is available at present and the GHK provides comparatively simple first order approximation, which can be further refined with future data. The first such refinement is introduced with equations 4 and 5, which simulate the channel PD-dependence and interaction with channel protein gating charge. Figure 1A gives an example of the apparent H + flux measured during the process of sealing the patch pipette to the protoplast and then going to the whole cell mode. The apparent large net efflux observed initially is due to solution flow from the patch pipette that is in close proximity to the protoplast. This was determined by an independent experiment with the patch pipette present but without a protoplast present. On achieving a gigaseal and going to the whole cell configuration under voltage clamp the apparent net proton efflux decreased (values became less negative). The external pH measured with the MIFE electrode increased to the actual buffered value of the external solution (pH 6.0), corresponding to sealing of the patch-pipette to the protoplast (Fig. 1B) . After achieving the whole cell configuration oscillations were often observed in the proton efflux ( Fig. 1C and see Fig. 5 ). For the example shown in Fig. 1 , the membrane was voltage-clamped after achieving the whole cell configuration (indicated by arrow in Figs 1A, B) . Oscillations in membrane current (Im) were recorded that were in phase with the oscillations in proton flux (Fig. 1C) . Note that the sign convention for flux measurements is that positive flux signifies influx to the cell, which would correspond to inward Im for protons (negative sign) in voltage-clamp convention, therefore it would be expected that maxima in Im corresponds to minima in proton flux.
Results
Based on the membrane voltage (Vm) under current clamp or the reversal potential from steady state current-voltage (I-V) curves, protoplasts could be initially hyperpolarised defined as the pump-state (Vm < the equilibrium potential for K + (E K ), n = 5 protoplasts), in a K + -permeable state defined as the K-state (Vm = E K , n = 8 protoplasts), or depolarised (Vm > E K , n = 11 protoplasts). Protoplasts that were in the pump-state or in the K-state always had a net efflux of protons that ranged between approximately 1 and 200 nmol m -2 s -1 at the resting Vm. About half of the protoplasts that were depolarised displayed net influx of protons (6/11 protoplasts) that ranged between 0.1 to 15 nmol m -2 s -1 at the resting Vm. The depolarised state is referred to as the H + -influx state. One of the advantages of simultaneously voltageclamping and measuring net proton fluxes on a protoplast is that both Im resulting from the net flux of all charged ions across the membrane, and net proton flux can be compared as a function of Vm. In order to do this, we needed to examine the time period over which voltage pulse protocols could be performed in order to obtain a steady-state proton flux and corresponding Im. Time dependence of the proton fluxes and Im was examined in several protoplasts. For the example shown in Fig. 2 , the protoplast was hyperpolarised with a resting Vm near -200 mV. Voltage-clamp pulses from -200 mV to less negative values elicited time-dependent outward currents over the first 10 s, typical of those attributed to K + outward-rectifier channels (Fig. 2B ). Subsequently, a small increase in Im could be observed over 100 s (Figs 2B, D) . For the proton fluxes, only a slow time dependence could be observed for a relatively small component of the amplitude because we could not obtain measurements in the first 12 s after the step in voltage. The time dependence was significant as judged by testing whether the slope of a linear regression over time was significantly different from zero. In contrast to Im, a slow time-dependent component was observed for the proton flux in response to a hyperpolarising step in voltage (-20 mV to -200 mV, as measured with the MIFE electrode for a protoplast in the process of seal formation and formation of the whole-cell configuration. Initially, the protoplast showed a large net proton efflux (A) and corresponding low external pH (B). On attaining the whole cell configuration (at about 600 s) the proton efflux declined (values become less negative) and there was a corresponding rise in external pH. At about 1200 s (indicated by arrow in A and B), the cell was voltage-clamped (5 mV) so that membrane current could be recorded simultaneously with net proton flux (C). Damped oscillations could be observed in this case where membrane current and proton flux were approximately in phase. External KCl concentration was 10 mM, buffering with 0.1 mM MES pH 6. Verapamil has been shown to be a potent blocker of the K + outward rectifier channel (Terry et al. 1992; Tyerman et al. 1997 ) and this was used to abolish that component of membrane current carried by K + efflux at depolarised voltages (Fig. 2D) . The proton efflux was larger with verapamil present, and the current calculated from the difference in proton flux between -200 mV and -20 mV (1.7 mA m-2 , Fig. 2C ) was smaller than the difference in clamp current recorded by the patch pipette (6.7 mA m -2 , Fig. 2D ).
Current-voltage (I-V) curves were obtained for a number of cells in the whole cell configuration of patch-clamp, while simultaneously measuring the net proton efflux with MIFE (Fig. 3) . In these cases, the currents and fluxes had attained a steady level usually within 30 s from the beginning of the voltage step. In most cells, positive going voltage-clamp pulses evoked time-dependent outward current similar to that shown in Fig. 2B , and with the characteristic signature of potassium outward rectifier channels previously characterised in wheat root cortical cells (Schachtman et al. 1991; Skerrett and Tyerman 1994) . When this occurred, the I-V curves for the steady state Im were dominated by a large increase in conductance for Vm near zero. For Vm between -100 and -50 mV, the conductance was at a minimum and gradually increased for more negative Vm (see also Fig. 7) . Figure 3 shows examples of I-V and flux-voltage (flux-V) curves from four protoplasts corresponding to protoplasts that were in the pump-state (Fig. 3A) , in the K-state (Fig. 3C) , or H + -influx state (Figs 3B, D) . Generally the net proton fluxes showed voltage dependence, such that the net flux became more negative (increase in efflux) as the voltage became more positive (Figs 3A-C) . Because of the opposite sign conventions used for Im and fluxes, the flux-V curves slope in the opposite direction to I-V curves. For protoplasts in the pump-state or the K-state, the reversal Vm of the net proton flux could not be determined because it was more negative than the safe working limit for whole cell voltage clamp of wheat root cells, but it was clearly more negative than -200 mV (Figs 3A, C) . Addition of the proton pump inhibitor DCCD resulted in a rapid decrease in the net proton efflux (4/5 protoplasts), and corresponding to this there was a decrease in outward Im (Fig. 3A, Table 1 ) and a positive shift in the reversal Vm for the I-V curve. Addition of fusicoccin, an activator of the plasma membrane proton pump, caused an increase in net proton efflux that was relatively independent of Vm (2/3 protoplasts, Fig. 3B , Table 1 ). The I-V curve was shifted upwards by an almost constant amount in Im similar to the downward shift caused by DCCD. Table 1 allows comparison of the net proton flux and Im for DCCD and FC treatments on a number of protoplasts where complete I-V and flux-V curves were obtained. The fluxes and corresponding Im are given for a Vm of -120 mV. This voltage is chosen since it is within the region where the membrane conductance is at a minimum and where K + channels are less active. Assuming that DCCD and FC are specific for the proton pump the differences before and after the treatments in Im and net proton flux (in units of mA m -2 ) should have similar magnitudes. The ratios of Im to proton flux ranged between 0.57 and 5.7, with a median of near one.
Data obtained from experiments such as that shown in Fig. 3 present a unique opportunity to model the underlying transport systems since in addition to the I-V characteristic of the membrane we also have the net flux of protons as a function of Vm. This allows us to more accurately model the major component transports and in particular the proton pump, which clearly has a dominating influence on the electrical characteristics of these cells. Modelling the data in Figs 3 and 6 with the HGSS model reveals several interesting features and the fitted parameter values are given in Table 2 . The measured H + efflux was transformed into outward current, which was fitted by parameters employed for the H + pump in the charophytes (Beilby and Walker 1996; Blatt et al. 1990 ). The pump parameter values are similar to those in charophytes: the low k io fitted to data in Fig. 7 is of the same order as that in perfused Chara cells in the depolarised state (Beilby and Walker 1996) . The κ oi of protoplasts is about an order of magnitude smaller than in Chara (Beilby and Walker 1996) and two orders of magnitude smaller than in Lamprothamnium (Beilby and Shepherd 2001a) . The total clamp current was fitted by inclusion of a linear background current, i background, and inward and outward K + rectifiers. The ions carrying i background have not been identified. The channels might be stretch-activated and not very selective. In charophytes in osmotic equilibrium, the V background is close to -100 mV, but Beilby and Shepherd (2001b) found that g background increased and V background depolarised transiently at the time of hypotonic exposure. In the protoplasts V background is variable (+60 mV and -80 mV) perhaps reflecting osmotic stress faced by the protoplasts. The conductance of the background current was relatively small compared with the total membrane conductance. For the DCCD experiments, the current could be fitted by turning down the parameter κ oi that controls the magnitude of outward pump current. The background current and K + rectifiers were not very affected by DCCD. Fusicoccin works as expected, but clearly in most cases the pump is already activated since the extra proton efflux induced is smaller than the amount by which DCCD inhibits. From the fits to the model, the background currents and rectifiers were not greatly affected.
Over longer periods of observation the net flux of protons slowly changed often displaying oscillations (see below and Fig. 1) , and thus if flux-V curves were constructed over a long period, it would give the appearance that the net proton flux was independent of Vm. Figure 4 illustrates this, where a series of alternating clamp Vm were imposed between -50 and 50 mV. It can be seen that the net flux responds to Vm but there is also an underlying time dependence of the net proton flux. In this example, the net efflux is reducing over time and this corresponds to an increase in membrane conductance and positive shift in reversal Vm as can be seen from the Im traces in Fig. 4A .
The time dependence of Im and proton fluxes was explored further by maintaining patch-clamped protoplasts over a long period (up to 3 h) in relatively constant conditions as far as was possible (same solution and light regime). We observed oscillations in proton fluxes as shown in the examples in Fig. 5 . Under current clamp (Im = 0) the Table 1 
. Effect of DCCD and fusicoccin (FC) on the current and net proton flux of patch-clamped (whole-cell) protoplasts from wheat roots
Five separate experiments are shown (each a different protoplast) where the initial and treatment values of the currents (I) and fluxes (F) were obtained from polynomial fits (n > 3) to the current-voltage curves and flux-voltage curves at a clamp voltage of -120 mV. This voltage was close to the minimum in conductance for each protoplast. The absolute value of the difference in current (∆I) and flux (∆F) before and after the treatment is calculated in equivalent units (mA m-2 ) for comparison. Note that a negative flux denotes a net efflux of protons from the protoplast while a positive current denotes a net efflux of positive change Figs 1C, 5C ). However, in contrast to the oscillations observed with a free running Vm under current clamp, the two protoplasts examined had damped oscillations that died away. For the three protoplasts in Fig. 5 , the mean period of the proton flux oscillations was 2424 s. Current-voltage curves and flux-V curves were recorded at various times during the oscillations and an example is shown in Fig. 6 . The I-V curves are shifted along the Vm axis by the magnitude of the shift in reversal Vm between the hyperpolarised and depolarised peaks in the oscillation (Fig. 6A) . The I-V curves are not parallel indicating that the conductance of the membrane has also changed. In contrast to the I-V curve, the flux-V curves were more or less shifted in parallel. At the most hyperpolarised level of the oscillation in Fig. 6 , it was assumed that the pump is the dominant H + transporter for the fit to the model (Figs 7A-C and parameters in Table 2 ). At the most depolarised level of the oscillation, it was assumed that a H + -permeable channel is the dominant H + transporter (Figs 7D-F) . The measured H + influx was transformed into inward current, which modelled the total clamp current together with the linear background current, i background, and inward and outward rectifiers. The V background was more positive than in the pump state and g background was more than twice the pump-state value. The inward rectifier N K P K increased and the outward rectifier N K P K decreased. Notable is the much higher level of activity of the H + influx channels (N H P H = 6 × 10 -5 m 3 s -1 ) compared with the outward rectifier (N K P K = 2 × 10 -9 m 3 s -1 ). The gating of the H + channel produces inward currents with a maximum near -100 mV. Such current could be confused with Cl-or K + currents (Beilby and Walker 1996; Beilby and Shepherd 2001b) .
Discussion
We have demonstrated that it is quite feasible to combine MIFE with patch-clamp of single protoplasts derived from plant tissue. The combination of net ion flux measurement using external electrodes and patch-clamp has also been used on an animal cell system (microglia). It was demonstrated that the technique could measure the K + influx caused by the activation of K + inward rectifier channels in response to hyperpolarising voltage-clamp pulses (Shirihai et al. 1998) . Shirihai et al. (1998) found that the ratio of the currents carried by the net K + flux to the actual membrane current was 0.42 and 0.53 from two experiments. A ratio less than one was attributed to the external K + electrode only recording the flux from one region of the cell and to the response time of the liquid ion exchange resin. We have carried the combination of the techniques somewhat further than Shirihai et al. (1998) by obtaining flux-V curves and comparing these with I-V curves. In the case of net proton fluxes, this provides a significant further piece of information for understanding the role of proton transport systems in directing electrochemical gradients across the plasma membrane.
In the case of proton fluxes it is difficult to match the fluxes with a specific ion current as was attempted by Shirihai et al. (1998) for K + fluxes and the inward rectifier. The reason for this is that the net flux of protons will be a combination of electrogenic (e.g. H + ATPase and H + permeable channels) and non-electrogenic components (e.g. cation/H + antiport and anion/H + symport). This could also be the case for the K + fluxes measured by Shirihai et al. (1998) , but the specific activation of the K + inward rectifier channel by hyperpolarisation makes comparison with K + fluxes more straight forward. In our work and where specific agonists (FC) or antagonists (DCCD) of the proton pump were added such that we may be able to exclude changes in other H + transporters, it is possible to compare the change in net fluxes with the change in membrane currents. We found that the current calculated for the change in proton flux could be higher or lower than the actual change in current with a median ratio (∆I-∆F) of near one. A rather large spread in ∆I-∆F could arise from corrections for geometry (using isolated sphere compared with sphere located on solid surface), and from corrections for the buffer component of proton flux (a factor of up to 20 in some cases). There is also a possibility that proton fluxes are asymmetrically distributed around the cell surface. Measurement of fluxes from a region of the protoplast with a higher density of proton pumps in the membrane would lead to ∆I-∆F being less than one. It has already been shown that such asymmetries exist in isolated protoplasts from corn coleoptiles . If this were affecting our measurements then we would expect a random distribution in the ratio of the net flux to membrane current about a median of one. Non-uniform distribution of the pump is also supported by the observation that the change in membrane current (total over the entire membrane surface) varied much less (3.2-4.2 mA m -2 ) than the current calculated from the flux assuming a uniform distribution of the flux (1.03-6.94 mA m -2 ). A rigorous comparison needs to be made to match membrane currents with net fluxes and a good experimental system for this would be measurement of K + fluxes combined with activation and inhibition of the K + outward rectifier channels using whole-cell patch-clamp. In the future we can envisage measuring the net fluxes of several ions simultaneously (e.g. Babourina et al. 2000) combined with whole-cell patch-clamp, such that a more complete reconciliation between net ion movement and ion current would be possible. It may also be possible to measure fluxes from macro-patches or patches that have high transport density such as the symbiosome membrane from nitrogen fixing nodule cells (Tyerman et al. 1995) . The less complicated geometry of a macro-patch and the ability to measure the entire flux from the patch may circumvent problems associated with variations in density of transporters over the plasma membrane of an entire protoplast.
Despite some uncertainty in the absolute magnitudes of the proton fluxes, they are similar to those reported for intact protoplasts from corn coleoptiles where the frequency distribution of net proton flux was skewed towards efflux ranging to -100 nmol m -2 s -1 . Assuming DCCD only inhibits the proton pump, the flux attributed to the pump at -120 mV in wheat root protoplasts accounts for between 1 and 7 mA m -2 , which corresponds to currents of 3-15 pA per cell. These pump currents are similar to those observed for stomatal guard cell protoplasts (e.g. Schroeder 1988; Taylor and Assmann 2001), which is not surprising considering that root cortex cells are also required to generate a sufficient proton motive force to absorb nutrients from low concentrations in the apoplast. The effect of cell wall removal and being bathed in a solution of high osmotic pressure are factors that would likely influence the proton pump and make extrapolation to intact cells difficult. In respect of this, a proton pump current from root hairs has been measured at 2500 mA m -2 (Lew 1991) . That wheat root protoplasts seem to exist in three distinct states; pump-state, K-state and H + -influx state, was initially founded on the distinct differences in the I-V curves and net proton fluxes observed for a number of individual protoplasts. Distinct pump-and K-states have been previously identified in root protoplasts (Vogelzang and Prins 1994) . It is clear that in the hyperpolarised-state and K-state the majority of the net proton flux was a result of the proton pump. Apart from the evidence from the effects of DCCD, this can also be deduced from the very negative reversal Vm for the flux-V curves (e.g. Figs 3A-C) . In the depolarised state, the net proton flux can be an influx and the reversal Vm can be positive. This indicates that other transport systems that allow proton influx may activate under certain conditions. Given the positive reversal Vm, these transporters could either be channels permeable to protons or proton co-transporters. We have modelled the data assuming that the H + -influx occurs through proton permeable channels. High permeability to protons has been observed for some aquatic plants, but only when the external pH becomes highly alkaline (Bisson and Walker 1980; Miedema et al. 1992 ). This did not occur in our experiments.
When examined over longer periods most protoplasts exhibited oscillations in proton flux, and either free running Vm under current clamp or Im under voltage clamp. These oscillations covered the full range of states discussed above suggesting that these states are transitory rather than being set, for example, from the time of protoplast isolation. Oscillations in membrane electrical characteristics are a well-known class of plant cellular oscillators that cover a wide range of periods, from several seconds (rhythmical activity in Nitella; Vucinic et al. 1978) to nearly 24 h (circadian activity of ion channels; Kim et al. 1993) . Between these extremes, a large number of electrical oscillations with periods in the range of minutes have been reported. These include oscillations in membrane potential (Gradmann and Slayman 1975; Ogata and Kishimoto 1976; Vucinic et al. 1978; Fisahn et al. 1986; Felle 1988; Lucas and Fisahn 1989) and surface potential (Scott 1957; Jenkinson and Scott 1961; Souda et al. 1990; Toko et al. 1990; Hecks et al. 1992; Antkowiak and Engelmann 1995) , rhythmical changes in apoplastic ion concentrations (Starrach and Mayer 1989; Antkowiak and Engelmann 1995) , or intracellular ion concentrations (Felle 1988; McAinsh et al. 1995) , and fluxes of specific ions from various plant tissues (Shabala and Newman 1997, 1998; Shabala et al. 1997a, b) .
Although these oscillations most likely reflect feedback control strategies of cellular metabolism, the origin and location of the oscillators remain obscure. Involvement of specific ion transporters, controlled parameters, and reaction scheme(s) are still unknown. Several hypotheses have been put forward so far. Gradmann and Slayman (1975) supposed the H + -pump to be a principal component causing oscillations of the membrane potential in Neurospora. Their point of view was later supported by Hansen (1985) and Toko et al. (1990) . However, Fisahn et al. (1986) argued that there are at least two different components in a membrane oscillator, one controlled by a carrier-type transporter (probably an electrogenic pump), and another related to modulation of K + -channel conductance. Involvement of passive H + transporters should also be considered (Lucas and Fisahn 1989) . McAinsh et al. (1995) suggested the oscillator could be a plasma membrane Ca 2+ channel. Gradmann et al. (1993) and Gradmann and Buschmann (1997) have emphasised electro-coupling between ion transporters as a key element in oscillations in Vm. They demonstrated that voltage gating of K + channels (inward and outward) and Cl -channels combined with the proton pump could cause oscillations in Vm at constant substrate concentrations. Gradmann and Hoffstadt (1998) later extended the model to include the effects of changing internal concentrations. The model predicts slow and fast oscillations in Vm, with alternative cycles of net salt uptake and net salt release.
The slow oscillations are due to the effect of internal Cl -on Cl -transport. During net salt efflux (depolarised state), fast oscillations were predicted and are due to the gating of the Cl -channel (Gradmann and Hoffstadt 1998) . Although the protoplasts were in the whole-cell configuration, where rapidly diffusing ions should equilibrate between the pipette and the cell cytoplasm, we cannot exclude the possibility that oscillations in cytosolic pH could have occurred due to diffusion gradients developing for the pH buffer used in the pipette solution (Mathias et al. 1990) . We also observed that protoplasts swell and shrink in phase with the flux and current oscillations suggesting that vacuolar solute concentrations may have been changing.
In our experiments, only one type of rhythmical activity was observed for each individual protoplast, although the period range covered both 15-and 60-min oscillations reported for Nitella (Fisahn et al. 1986) . Oscillations in Vm correlated with those in the net H + flux. Both active H + extrusion and passive H + uptake contributed to the oscillations in net H + flux. Hence, to fit the HGSS model we have assumed that both the proton pump and a proton channel alternate in activity to create the very large changes in reversal potentials observed in the I-V and flux-V curves. Although voltage-gated channels were clearly present (K + rectifiers and H + channels), the fact that several cycles are observed under voltage clamp indicates that electrocoupling is not a primary factor in the oscillations observed here. However, it would appear that Vm does have a role, since in cases where it was clamped the oscillations were eventually damped out. Relatively rapid oscillations (period about 250 ms) in current under voltage clamp have also been observed for whole-vacuole clamps (Miedema et al. 2000) . In this case, it is thought to be due to a combination of a negative slope conductance and imprecise voltage clamping due to series resistance in the pipette.
Several issues arise from our observations: First, there is a question of whether oscillatory behaviour observed in patch clamped protoplasts indicates such behaviour for intact cells. Felle (1988) posed the question of whether oscillations in membrane potential exist in species other than maize. Lefebvre et al. (1970) reported that only 7 of 180 cells displayed the '15-min' oscillations. In our experiments on protoplasts isolated from wheat roots, we observed oscillations when ever measurements were performed for long enough. These oscillations occurred in a wide range of bath concentrations, for very different clamping voltages, and both in current clamp and voltage clamp modes. Although the whole-cell configuration of patch clamp may have induced these oscillations, reported H + flux oscillations for protoplasts isolated from maize parenchyma tissue without a patch electrode attached.
Our findings also raise some methodological questions for patch-clamp studies. Figure 5 shows that in less than 10 min the membrane voltage can change by more than 100 mV driven by entirely intrinsic oscillatory mechanisms. Since an experimental protocol in whole-cell studies could require 10-15 min for different treatments, can we be sure that the observed changes are entirely a result of the treatment and not due to the rhythmical activity of ion transporters? It would seem that testing for the absence of oscillatory activity is mandatory in patch-clamp studies, at least for the whole-cell configuration.
